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Summary
Acentral challenge in embryonic development is toun-
derstandhowgrowthandpattern arecoordinated todi-
rect emerging new territories during morphogenesis.
Here, we report on a signaling cascade that links cell
proliferationand fate, promoting formationof adistinct
progenitor domain within the developing chick hypo-
thalamus. We show that the downregulation of Shh in
floor plate-like cells in the forebrain governs their pro-
gression to a distinctive, proliferating hypothalamic
progenitor domain. Shh downregulation occurs via
a local BMP-Tbx2 pathway, Tbx2 acting to repress
Shh expression. We show in vivo and in vitro that
forced maintenance of Shh in hypothalamic progeni-
tors prevents their normal morphogenesis, leading to
maintenance of the Shh receptor, ptc, and preventing
progression toanEmx2+-proliferativeprogenitor state.
Our data identify a molecular pathway for the downre-
gulation of Shh via a BMP-Tbx2 pathway and provide
a mechanism for expansion of a discrete progenitor
domain within the developing forebrain.
Introduction
In development, the embryo is sculpted through mor-
phogenesis, a process in which cell identity and prolifer-
ation are intimately linked. One factor that plays a vital
role in orchestrating morphogenesis in many embryonic
regions is the secreted signal, Sonic hedgehog (Shh)
(McMahon et al., 2002). Shh acts in a variety of ways to
direct morphogenesis and can play a dual role, acting
*Correspondence: m.placzek@sheffield.ac.ukdirectly to govern cell fate and promote cell proliferation
in the neural tube (Cayuso et al., 2006).
The potent effects of Shh suggest, equally, that there
may be occasions when it is necessary to terminate its
actions in order to promote a different pathway of mor-
phogenesis. The most powerful occlusion of Shh can be
achieved by downregulating Shh expression. In the gas-
trulating chick embryo, downregulation of Shh is critical
to establish left-right asymmetry (Levin et al., 1995;
Schilling et al., 1999), while in the proventriculus, down-
regulation of endodermal Shh is necessary for gland for-
mation (Fukuda et al., 2003). A downregulation of Shh
can also orchestrate changes that control cell prolifera-
tion. Thus, in the limb bud, the normal termination of Shh
expression in the zone of polarising activity (ZPA) is key
to the control of limb size (Sanz-Ezquerro and Tickle,
2003; Scherz et al., 2004).
Experimental evidence indicates that BMPs can
downregulate Shh in a wide variety of tissues, including
the neural tube (Arkell and Beddington, 1997; Liem et al.,
2000; Patten and Placzek, 2002), the dental epithelium,
(Zhang et al., 2000), and the Node (Piedra and Ros,
2002; Monsoro-Burq and Le Douarin, 2001). The unilat-
eral downregulation of Shh in the Node occurs through
BMPs acting via a polycomb-like2 transcriptional re-
pressor, Pcl2 (Wang et al., 2004). However, it remains
unclear whether this mechanism operates generally
within the embryo to mediate BMP-directed downregu-
lation of Shh or whether other transcriptional repressors
perform this function.
Tbx2 and Tbx3 belong to the T-box family of transcrip-
tion factors, whose members play wide roles in cell-type
specification and morphogenesis (Papaioannou and
Silver, 1998; Smith, 1999). Tbx2 and Tbx3 can act as
transcriptional repressors (Carreira et al., 1998; He
et al., 1999; Sinha et al., 2000), and both can be induced
by BMP signaling (Yamada et al., 2000; Tumpel et al.,
2002; Suzuki et al., 2004; Sasagawa et al., 2002; Takaba-
take et al., 2002). As yet, no study has shown that Tbx2
or Tbx3 negatively regulate Shh expression. However,
analysis of the mouse Shh promoter reveals a Tbx bind-
ing site, which, when mutated, results in aberrant
expression of Shh within the hypothalamus (Jeong and
Epstein, 2003). This raises the possibility that T-box
genes may downregulate Shh in the hypothalamus.
Here, we analyze the development of a subset of
hypothalamic cells, termed ventral tubero-mamillary
(vt-m) cells in chick embryogenesis. We report that
vt-m cells arise from a set of floor plate-like precursors
that initially express Shh and describe a pathway that
leads to their transformation to hypothalamic progenitor
cells. Locally derived BMPs exert a dual effect on floor
plate-like precursors, eliciting a transient arrest in cell
cycle and upregulating Tbx2. In turn, Tbx2 transcription-
ally represses Shh in vt-m cells. The downregulation of
Shh has a 2-fold effect on vt-m cells themselves, pro-
moting the expression of novel characteristics of vt-m
progenitors and bypassing the transient arrest to pro-
mote the continued expansion of vt-m progenitor cells.
Thus, the downregulation of Shh in floor plate-like cells
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thalamic progenitors. Together, these data provide a
mechanism to link the character and spatial extent of
a hypothalamic progenitor domain.
Results
Shh Is Downregulated in the vt-m Hypothalamus
Expression of Shh in the ventral forebrain is dynamic: at
embryonic day (E)2 (stage [st] 7–10), expression is con-
fined to ventral midline floor plate-like cells that extend
into the anterior forebrain (Figures 1A, 1B, 1D, and 1E).
By E3 (st 15–18), expression is not detected in ventral
midline cells at the site of the future vt-m hypothalamus
(Figure 1C, arrow) but is now found in the anterior and
lateral-tuberal hypothalamus (Figures 1C and 1F) (Barth
and Wilson, 1995; Mathieu et al., 2002).
To determine the origin of vt-m cells, we performed
fate-mapping studies in the prospective forebrain. DiI
was injected in ovo into Shh+ floor plate-like cells or
into Shh2 ventro-lateral cells by using an imposed grid
to determine the accuracy of injection (Figures 1G, 1H,
and 1K) and confirming accuracy in a subset of embryos
by examining the position of DiI relative to expression of
Shh, BMP2, and BMP7, all early markers of anterior ven-
tral midline cells (Furuta et al., 1997; Dale et al., 1999) im-
mediately postinjection. Accurate targeting of BMP2+/
BMP7+/Shh+ ventral midline floor plate-like cells and
BMP22/BMP72/Shh2 ventro-lateral cells was achieved
(Figures 1I and 1J and data not shown). Subsequently,
identically targeted chicks were allowed to develop until
st 15–18, and the position of DiI-labeled cells examined.
Injections targeted to Shh+ floor plate-like cells located
just anterior to the forming zona limitans intrathalamica
(zli) fate mapped to the Shh+ vt-m hypothalamus (Fig-
ures 1L–1O and data not shown). No labeled cells were
detected in the Shh+ anterior and lateral tuberal hypo-
thalamus. Instead, these regions arose from Shh2 ven-
tro-lateral cells located at the junction of the mid- and
forebrain (Figures 1J and 1P–1S). Together, these anal-
yses show that Shh2 vt-m cells arise from floor plate-
like precursors and show that the decrease in Shh
expression within the vt-m cells occurs as a result of
their downregulating Shh.
BMPs Are Necessary and Sufficient to Downregulate
Shh in the vt-m Hypothalamus
To investigate the differentiation of floor plate-like fore-
brain precursor cells into vt-m cells, we first examined
how Shh is downregulated. Previously, we have shown
that BMP7 shows restricted expression in the vicinity
of prospective vt-m cells (Dale et al., 1997), while other
studies have shown that experimental overexpression
of BMPs can lead to Shh downregulation in hindbrain
floor plate cells (Arkell and Beddington, 1997; Liem
et al., 2000). This raises the possibility that BMPs initiate
Shh downregulation in the vt-m hypothalamus.
We first compared the profiles of Shh and BMPs in
and around prospective vt-m cells. At early stages, no
expression of BMPs is detected (Dale et al., 1997; data
not shown). By st 8,BMP7 is expressed in the underlying
prechordal mesoderm (Figure 2D) (Dale et al., 1999;
Chapman et al., 2002), and by st 10, BMP7 and BMP2
are upregulated in prospective vt-m cells (Figures 2Eand 2H). This expression persists in vt-m cells at st 15,
when Shh is downregulated (Figures 2C, 2F, and 2I).
These observations show a correlation between expres-
sion of BMPs and the site of Shh downregulation in the
vt-m hypothalamus.
We therefore tested whether BMP2 and BMP7 can
downregulate Shh within prospective vt-m cells. Ex-
plants of prospective vt-m from st 5–6 embryos that
have not yet been exposed to BMPs and are not yet
specified to stably express BMPs (Dale et al., 1999;
data not shown) were cultured in vitro, either alone or
with either BMP2 or BMP7 protein (Figure 2M), and ex-
amined for expression of Shh mRNA or protein. In both
instances, robust expression was detected in explants
cultured alone (100%, n = 30) (Figures 2N, 2Q, 2R, and
2U). In contrast, culture with BMP2 or BMP7 resulted
in a significant decrease in Shh expression (Figures
2O–2Q and 2S–2U). Similar results were obtained when
mRNA levels were analyzed by quantitative real-time
polymerase chain reaction (Figure S1; see the Supple-
mental Data available with this article online). To show
that explants exposed to BMPs did not simply lose all
aspects of ventral character, we examined expression
of Nkx2.1, a general marker of the hypothalamus (Laz-
zaro et al., 1991). Nkx2.1 expression was detected in
all BMP-exposed explants, but not in controls (data
not shown).
We next assessed the requirement for BMPs in Shh
downregulation in vivo. Beads, soaked in control me-
dium or in the BMP inhibitor, chordin (Piccolo et al.,
1996; Dale et al., 1999), were implanted adjacent to the
prospective hypothalamus of st 5 embryos (Figure 2J)
and embryos developed until st 15–18. With control
beads, Shh was downregulated in the vt-m hypothala-
mus (Figure 2K, arrow). In contrast, with chordin-soaked
beads, Shh was expressed in vt-m cells adjacent to the
implanted bead (Figure 2L, arrow). This is consistent
with the idea that BMPs are required for downregulation
of Shh. However, an alternate possibility is that abroga-
tion of BMP activity alters the character of adjacent (an-
terior/lateral) Shh+ cells, so that they migrate aberrantly
into the vt-m region. We therefore labeled prospective
vt-m cells, in a chordin-bead-implanted embryo, with
DiI. These cells remained in position in the vt-m region
and yet showed sustainedShh expression (Figure 2L, in-
set). Together, these studies show that in vivo, BMPs are
required to downregulate Shh expression within the
vt-m hypothalamus.
Tbx2 Demarcates the vt-m Hypothalamus
Recent analyses have shown that mutation of a T-box
binding site within the mouse Shh promoter results in
the unusual persistent expression of Shh within the
vt-m hypothalamus (Jeong and Epstein, 2003). More-
over, BMPs have been shown to induce expression of
Tbx genes in a variety of embryonic tissues (Sasagawa
et al., 2002; Tumpel et al., 2002; Suzuki et al., 2004).
We therefore examined whether T-box transcription
factors are present in the hypothalamus. No expression
of Tbx3, Tbx4, Tbx5, Tbx15, or Tbx18 was detected
(st 9–22) (data not shown), but Tbx2 was expressed in
vt-m cells, onset occurring sometime between st10
and st13 (Figures 3A, 3B, 3D, and 3E).
Fate and Proliferation in the Hypothalamus
875Figure 1. Downregulation of Shh in vt-m Cells
(A–F) Shh mRNA and protein expression in whole-mount neurectoderm ([A] and [B], ventral; [C], lateral view) or transverse sections (D–F). By st
18, vt-m cells do not express Shh mRNA or protein ([C] and [F], arrow). Mamillary recess (arrow in [C]) defines the mamillary/tuberal boundary.
(LH, lateral hypothalamus; AH, anterior hypothalamus.)
(G–K) Accurate targeting of prospective hypothalamic cells. DiI targeted into midline (I) or lateral (J) cells in domain d (see [K]) of the ventral neural
tube.
(L–O) Progeny of Shh-expressing midline cells injected in domain d at st 9 (L) give rise to the vt-m hypothalamus at st 18 (M and N). (O) Schematic,
showing area to which level d midline cells contribute. Progeny are found in the vt-m hypothalamus but not within LH or AH.
(P–R) Ventro-lateral cells (domain e) targeted at st 9+ (injected bilaterally 30 mm from the midline [P, arrows]) contribute to the Shh+ LH. (R) Sche-
matic reconstruction showing area populated by progeny of ventro-lateral cells (domain e).
(S) Development of the hypothalamus. A subset of Shh+ midline cells (dark blue) downregulate Shh and form the vt-m hypothalamus. Basal plate
cells at the posterior diencephalic/mesencephalic border migrate anteriorly and upregulate Shh (pale blue, hatched). (PM, prechordal meso-
derm; NC, notochord; N, node).
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(A–I) Comparison of Shh, BMP2, and BMP7 in the prospective vt-m hypothalamus.
(J) Schematic of st 5 embryo showing position of implanted bead (blue).
(K) In a control-bead implant, Shh (green) is downregulated in vt-m cells (arrow).
(L) After a chordin-bead implant (asterisk), Shh is maintained in vt-m cells ipsilateral to the bead (arrow). Inset, chordin-bead implant, with pro-
spective vt-m cells DiI-labeled at st 9. DiI labeled cells express Shh (yellow).
(M) Prospective vt-m cells (boxed, red shows Shh expression) dissected at st 5–6, cultured in collagen with or without BMPs.
(N–U) When cultured with BMP protein, little or no Shh/Shh is detected (O, P, S, and T) compared to controls (N and R) (20 hr cultures). Semi-
quantitative analysis of total pooled explants shows significant reduction (p < 0.001 for each condition, Student’s t test) in the number of
Shh/Shh+ sections after exposure to BMPs (Q and U).To compare precisely, the expression profiles of Shh
and Tbx2, we double labeled embryos over st 11–22. Ex-
pression of Tbx2 is first detected at st 11–12, when it is
confined to Shh+ cells in the vt-m hypothalamus (Fig-
ure 3H). Shortly after the onset of Tbx2 expression, Shh
begins to show a reduction in expression (compare Fig-
ures 3C and 3F). No expression of Tbx2 is detected in
the anterior/lateral hypothalamus at st 14, where Shh ex-
pression is now weakly initiated (Figure 3I). By st 16, Shh
is completely downregulated in the vt-m hypothalamus
(Figures 3G and 3J), andShh andTbx2appear largely mu-
tually exclusive (Figure 3J). However, Tbx2 expression istransient and is downregulated in a posterior-anterior
wave over the period st 16–22 (Figures 3I–3M). Expression
persists only in ventral tuberal cells that border, or form
part of, the anterior hypothalamus (Figure 3M).
We next examined Tbx2 protein. Double-label analy-
sis shows that expression of Tbx2 protein persists
rather longer than Tbx2 mRNA, and over the period HH
st 15–22, Shh and Tbx2 appear mutually exclusive in
the vt-m hypothalamus, overlapping only in the anterior
hypothalamus (Figures 3N and 3O). Thus, the expres-
sion profile of Tbx2 makes it a potential candidate to
mediate the BMP-downregulation of Shh.
Fate and Proliferation in the Hypothalamus
877Figure 3. Tbx2 Expression Predicts the Site of Shh Downregulation
(A–M) Comparison of Shh and Tbx2 expression in the developing t-m hypothalamus, through either single labeling (A–F) or double labeling (G–M).
In (I), arrows point to lateral hypothalamus (LH), anterior hypothalamus (AH), tuberal (T), and mamillary (M) regions.
(N and O) Double-label analysis showing Shh and Tbx2 (wholemount lateral view, st 17; [O] shows higher field of view to [N]). In the vt-m hypothal-
amus, Tbx2 and Shh show complementary expression, overlapping only in the anterior hypothalamus. Box in (K) highlights region shown in (N).BMPs Upregulate Tbx2 and Other Markers
of the vt-m Hypothalamus
To examine whether BMP activity is required to upregu-
late Tbx2 in vivo, affigel beads, soaked either in control
medium or in chordin, were implanted adjacent to the
prospective hypothalamus of st 5 embryos. In embryos
exposed to control medium, normal expression of Tbx2
was detected (Figure 4A), but in embryos exposed to
chordin, Tbx2 expression was eliminated ipsilateral to
the implanted bead (Figure 4B, arrow).
To ask whether BMPs are sufficient to upregulate
Tbx2 expression, prospective hypothalamic explantsfrom st 5–6 were dissected, cultured as before (Figures
2M and 4E), and analyzed for Tbx2/Tbx2. No expression
was detected within explants cultured alone (Figures 4F
and 4M), but when explants were cultured with BMP7
(Figures 4G–4I and 4N) or BMP2 (Figures 4J–4L), expres-
sion of Tbx2/Tbx2 was upregulated in a dose-depen-
dent manner.
We next asked whether other specific characteristics
of vt-m hypothalamic identity are upregulated upon ex-
posure to BMPs. Double-label analyses reveals that, at
st 17–18, both Fgf10 and Emx2 are expressed in the
vt-m hypothalamus; both are confined to the vt-m
Developmental Cell
878Figure 4. BMPs Govern vt-m Hypothalamic Character
(A and B) Expression of Tbx2 in st 15 tuberal hypothalamus, after control (A) or chordin (B)-bead implant at st 5. In (B), Tbx2 is downregulated in
vt-m cells (arrow), ipsilateral to the bead (asterisk).
(C and D) Complementary expression of (C) Shh and Fgf10 and (D) Shh and Emx2.
(E–N) BMPs upregulate Tbx2/Tbx2 in a concentration-dependent manner. Explants of prospective vt-m cells taken at st 5–6 (E), cultured for 20 hr
alone (F and M) or with increasing concentrations of BMPs (G–L and N).
(O–R) BMPs upregulate other characteristics of vt-m cells. Exposure of prospective vt-m cells to BMP7 causes an upregulation of Fgf10 ([Q]
detected after 15 hr, n = 8/10) and Emx2 ([R] detected after 40 hr, n = 7/12) compared to controls ([O] and [P] n = 0/9, 0/13, respectively).hypothalamus and so complement the now-lateral ex-
pression of Shh (Figures 4C and 4D). Fgf10 and Emx2
are themselves complementary and define two subdo-
mains within the v-tm hypothalamus: Fgf10 is restricted
to anterior tuberal regions, while Emx2 is confined to the
more posterior mamillary area (see also Mathieu et al.
[2002] and Kapsimali et al. [2004]). To ask whether
BMPs govern expression of Fgf10 and Emx2, prospec-
tive hypothalamic explants from st 6 were dissected
and cultured. No expression of Fgf10 or Emx2 was
detected within explants cultured alone, but both were
upregulated in explants cultured with BMP7 or BMP2
(Figures 4O–4R and data not shown). Together, these
analyses indicate that BMPs govern vt-m hypothalamic
identity, upregulating Tbx2, Fgf10, and Emx2.
A Wnt Antagonism May Mediate BMP
Upregulation of Tbx2
Experiments in zebrafish embryos have shown that
a gradient of Wnt inhibition governs hypothalamic cell
fate (Kapsimali et al. 2004). In an attempt to reconcile
our observations with those in zebrafish, we examined
whether BMP-upregulation of Tbx2 may be mediated
through an antagonism of Wnt activity. To do so, we
asked whether the Wnt antagonist, WIF (Wnt inhibitory
factor), can rescue Tbx2 expression when BMP signal-
ing is blocked. St 9–10 vt-m cells were dissected (Fig-
ure 5A) and cultured alone in vitro for 24 hr, to matureto the equivalent of st 14–15, a time in vivo, when Tbx2
can be clearly detected in vt-m cells (Figure 5B). Such
explants showed high levels of Tbx2 (Figure 5C). In con-
trast, a significant reduction of Tbx2 was observed in
explants cultured in the BMP antagonist, chordin (Fig-
ure 5D). To address whether Tbx2 expression can be
rescued by antagonizing Wnt activity, we exposed sim-
ilar explants to a combination of chordin and WIF.
Robust expression of Tbx2 was detected within these
explants (Figure 5E and Figure 5 legend).
This suggests that BMPs may trigger a signalling cas-
cade that acts by decreasing ambient levels of Wnt activ-
ity to initiate the progression of floor-plate-like cells to
a vt-m hypothalamic identity. To further test this, we ex-
amined whether blockade of BMP activity favored floor-
plate-like fate at the expense of hypothalamic fate. When
st 9–10 prospective vt-m cells were isolated (Figure 5A)
and cultured alone, they differentiate to a hypothalamic
fate: many cells within the explant expressed the hypo-
thalamic markers Tbx2 and Nkx2.1 (Figures 5B, 5C, 5F,
and 5H), but none expressed the floor-plate marker,
Foxa2 (Figures 5G and 5I) (n = 10 explants each). By con-
trast, culture of st 9–10 prospective vt-m cells with chor-
din abrogated hypothalamic differentiation. Explants ex-
pressed neither Nkx2.1 nor Tbx2 but instead expressed
Foxa2 (Figures 5D, 5J, and 5K) (n = 10 explants each). To-
gether, these experiments suggest that BMPs initiate
a signaling cascade that decreases ambient levels of
Fate and Proliferation in the Hypothalamus
879Figure 5. BMPs Antagonize Wnt Activity to Induce Hypothalamic
Character
(A) Schematic, prospective vt-m cells (red) dissected at st 9–10.
(B) Expression of Tbx2 in the vt-m hypothalamus.
(C–E) Prospective vt-m explants (A), dissected and cultured alone with
chordin or with chordin and WIF, analyzed with Tbx2. Control and
chordin-exposed explants show a significant difference in Tbx2 ex-
pression (344 6 35 [SE] Tbx2+ cells/control explant; 21.4 6 7.2 [SE]
Tbx2+ cells/chordin-exposed explant p < 0.001, Student’s t test); con-
trol and chordin/WIF-exposed explants show no significant difference
(3396 42 Tbx2+ cells/chordin-WIF explant p = 0.936).
(F and G) St 16 embryos, whole-mount immunofluorescence labeling
reveals Nkx2.1 in hypothalamic cells and a subset of telencephalic
cells (F) and Foxa2 in floor-plate cells (G).
(H–K) Explants of st 9–10 prospective vt-m cells, cultured alone (H and
I) or with chordin (J and K) for 24 hr (to equivalent of st 16) and analyzed
for expression of Nkx2.1 (H and J) or Foxa2 (I and K).Wnt activity within floor-plate-like cells and results in
them acquiring vt-m identity.
Tbx2 Is Necessary and Sufficient to Downregulate
Shh in the vt-m Hypothalamus
We next examined whether Tbx2 can downregulate Shh
in ventral midline cells. We first confirmed that elec-
troporation of a Tbx2 expression vector resulted in the
ectopic expression of Tbx2 in the neural tube (data not
shown). We next coelectroporated the Tbx2 expression
vector with a GFP expression vector into hindbrain
floor-plate cells and examined expression of Shh in elec-
troporated cells. Floor-plate cells electroporated with
GFP/Tbx2 vectors showed a decrease of Shh protein
(n = 34/35 cells) (Figures 6A–6C). Hindbrain floor plate
cells electroporated with a GFP/luciferase control con-
struct showed no downregulation of Shh (0/41 cells)
(Figure 6C, inset). These studies show that ectopic ex-
pression of Tbx2 in ventral midline cells is sufficient to
downregulate Shh.
To ask whether Tbx2 is required for downregulation of
Shh in the vt-m hypothalamus, we electroporated RNA
interference vectors that target Tbx2 into prospective
vt-m hypothalamic cells at st 9–10. In embryos that
were successfully targeted (3/18), marked by RFP ex-
pression, Shh expression showed an unusual persis-
tence at st 15–18 in vt-m cells (Figures 6D–6F). In con-
trast, vt-m cells electroporated with a GFP/luciferase
RNAi vector downregulated Shh as normal (Figure 6G–
6I). Together with analysis of the Shh promoter (Jeong
and Epstein, 2003), our data strongly suggest that Tbx2
mediates the downregulation of Shh/Shh by BMPs in the
vt-m hypothalamus.
Downregulation of Shh Governs
vt-m Hypothalamic Fate
Experiments carried out in zebrafish suggest that Shh
signaling in the vt-m hypothalamus may antagonize its
development: overexpression of Shh results in the re-
duction or loss of Emx2; conversely, in smu2/2 mutants,
the Emx2 expression domain is expanded (Mathieu
et al., 2002). Our analyses in chick show that Shh is
initially present in the vt-m hypothalamus but then
downregulated. We therefore asked whether it is the
downregulation of Shh that is important for the normal
differentiation of the Emx2+ vt-m region in chick.
We first examined how the transient expression ofShh
correlates with expression of Patched (Ptc), a Shh-tar-
get and a requisite component of the Shh signaling path-
way. Ptc expression is present in vt-m cells at st 11 but
downregulated by st 13, when expression persists only
in dorsal hypothalamic cells (Figures 7A and 7B and
data not shown). We next asked whether maintained
Shh in vt-m cells is sufficient to maintain Ptc. Shh was
forcedly maintained in vitro by culturing st 9 prospective
vt-m cells in high transient levels of Shh protein (Figures
7C and 7D) (n = 14 explants each). Under these condi-
tions, Ptc expression was maintained (Figures 7E and
7F) (n = 13 explants each), and no Emx2 expression
was initiated in st 9 vt-m cells cultured to the equivalent
of st 18 (Figures 7G and 7H) (n = 12 explants each). To-
gether, these analyses indicate that a prolonged expres-
sion of Shh in prospective vt-m cells maintains Shh
Developmental Cell
880Figure 6. Tbx2 Downregulates Shh in vt-m
Cells
(A–C) Hindbrain floor-plate cells after elec-
troporation of GFP/Tbx2, or GFP/luciferase
expression vectors. Shh is downregulated in
Tbx2/GFP-positive cells (A, GFP; B, anti-
Shh; C, overlap). Control embryo (GFP/
luciferase electroporation) shows no Shh
downregulation (C, inset).
(D–F) Electroporation of Tbx2 RNAi vectors
that also express RFP at st 10 into vt-m cells.
Electroporated cells (D, red; marked by white
line in [D]–[F]) fail to downregulate Shh (E,
green); nonelectroporated cells downregu-
late Shh as normal. Note, however, that the
Tbx2 RNAi vector appears to show the con-
verse effect on lateral hypothalamic cells
(see Discussion).
(G–I) Electroporation of a control luciferase
RNAi vector at st 10. Shh is not maintained
in electroporated cells. Note (D)–(F) show
transverse sections; (G–I) show coronal sec-
tions.signaling in this region and prevents its normal progres-
sion to an Emx2+ vt-m fate.
Regulated Cell Cycle in the vt-m Hypothalamus
Intriguingly, we noted that while control explants
showed a marked expansion over the culture period, ex-
plants in which Shh/Shh signaling was maintained ap-
peared to barely expand (Figures 7C–7J). To examine
whether this apparent size difference reflected a differ-
ence in cell number, we counted cells and monitored ex-
pression of the G2/M-phase marker, phosphoH3 (pH3).
Control vt-m explants showed an 7.5-fold increase in
cell number during a 48 hr culture period and expressed
large numbers of pH3-positive cells (19.6% cells
pH3+ive), whereas explants in which Shh signaling
was maintained showed little increase in cell number
and showed a very low proportion of pH3-positive cells
(1% cells pH3+ive) (Figures 7K and 7L). This indicates
that when Shh/Shh signaling is maintained in prospec-
tive vt-m cells, they fail to proliferate extensively.
This in vitro data suggests that in vivo, the normal
downregulation of Shh/Shh signaling should correlate
with an increase in proliferation, and we therefore ana-
lyzed cell cycle in prospective vt-m cells in the intact em-
bryo. S-phase cells were detected after a BrdU pulse,
and G2/M-phase cells were detected through expres-
sion of phospho-H3 (pH3). Intriguingly, over the period
st 8–10, there was a dramatic alteration in cycling cells,
specifically in the vt-m hypothalamus. At st 8, S-phase
and G2/M-phase cells were detected in prospective
vt-m cells (Figures 7M, 7N, and 7U, Table S1, and data
not shown), but by st 10, there was a dramatic loss of
BrdU-label and pH3 expression in these cells (Figures
7P, 7Q, and 7U and Table S1). The apparent absence
of cycling prospective vt-m cells at st 10 correlates
with their exposure to BMPs, raising the possibility
that in addition to affecting their fate, BMPs may arrest
cell cycle in prospective vt-m cells. To address this,
we analyzed expression of pH3 and BrDU uptake in st
11 embryos into which either a control-soaked bead ora chordin-soaked bead had been implanted at st 5. In
contrast to controls, where no pH3 or BrDU were de-
tected (Figures 7P and 7Q and data not shown), in chor-
din-exposed embryos, both S-phase and G2/M-phase
cells were detected in the prospective vt-m hypothala-
mus (Figures 7O and 7R and Table S1). Thus, BMP activ-
ity is required for the normal cell-cycle arrest of prospec-
tive vt-m cells.
By st 13–14, however, the specific reduction in cycling
cells observed in prospective vt-m cells appeared to un-
dergo a sudden and dramatic reversal. BrdU-labeled
cells and pH3-expressing cells were again detected
(Figures 7S and 7T and Table S1). The increase in pH3-
expressing cells at st 13 in the vt-m hypothalamus was
particularly dramatic: coanalysis with DAPI revealed
that approximately 70% of cells in the vt-m hypothala-
mus expressed pH3 (Figure 7U), showing that they are
correlated in cell cycle. To assess whether these dra-
matic changes in cell cycle are restricted to the vt-m hy-
pothalamic progenitors, we analyzed mitosis in adjacent
regions of the CNS, including mid- and hindbrain floor-
plate cells and cells in the lateral and dorsal hypothala-
mus. Through st 8–15, all of these cells were uniformly
mitotically active: none showed the same dramatic reg-
ulation displayed by the vt-m hypothalamus (Table S1).
We next determined whether the return to cell cycle is
dependent upon Tbx2, by electroporating RNA interfer-
ence vectors that target Tbx2 into prospective vt-m
hypothalamic cells at st 9–10. Electroporated cells, in
which Shh is maintained (Figure 6D–6F and data not
shown) fail to express pH3 (Figure 7V), suggesting that
the normal Tbx2-dependent downregulation of Shh/
Shh is key to the synchronized return to cell cycle of
prospective vt-m cells.
Finally, to determine whether the changes in cell cycle
correlated with an increase in cell proliferation, we per-
formed cell counts on prospective vt-m cells after DiI la-
beling at st 9. Prospective vt-m cells barely expand in
the first 15 hr postlabel (between stage 9 and stage 12)
but dramatically increase in number over stages 13–18
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(A and B) Ptc is detected in prospective vt-m cells at st 11 but not at st 13.
(C–L) Explants of st 9–10 prospective vt-m hypothalamus, cultured alone or with Shh. Culture with Shh for 48 hr, to the equivalent of st 18, results
in the maintenance of Shh (C and D) and ptc (E and F) and the concommitant failure to initiate Emx2 expression (G and H). Explants cultured with
Shh are smaller than controls (I and J), and significantly fewer cells (K and L) express the M-phase marker pH3 (red; DAPI: blue; controls: 18786
260 [SE] cells/explant; 368 6 64 [SE] cells pH3+; Shh-treated: 253 6 51 [SE] cells/explant; 2.5 6 0.5 [SE] cells pH3+; n = 4 each; p < 0.001).
(M–R) Cell cycle in the prospective mamillary region of the hypothalamus. At st 8 but not st 10, BrdU+ and pH3+ cells are detected in the pro-
spective ventral mamillary region (M, N, P, and Q). (Adjacent neuroepithelial cells proliferate equally over st 8–10.) (O and R) Serial t.s. through
st 11 prospective ventral mamillary region, after exposure to chordin at st 5, and then pulsed with BrdU, double labeled to detect pH3 and Shh (O)
or pH3 (green) and BrdU (red) (R). In contrast to controls, which show no BrdU+/pH3+ cells, chordin-exposed vt-m cells are cycling at st 11 (3%
cells pH3+; 46% cells BrdU+).
(S and T) At st 13, the majority of cells in the ventral mamillary region are BrdU+/pH3+.
(U) Bar chart showing the average percentage of M-phase cells per section, per embryo, in the vt-m hypothalamus, compared with floor-plate
regions, at st 8, 10, and 13.
(V) Electroporation of Tbx2 RNAi vectors that also express RFP at st 10 into vt-m cells. Electroporated cells (red) fail to express pH3 (green); non-
electroporated cells express pH3 as normal.
(W) Number of vt-m cells after DiI-labeling at st 9.
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cle is intricately regulated in prospective vt-m cells. Spe-
cificallly, at st 10, prospective vt-m cells enter a transient
cell-cycle arrest but are synchronously released from
this arrest by st 13, concommitant with the downregula-
tion of Ptc, and then undergo localized proliferation. Our
in vivo observations and in vitro analyses together sug-
gest that downregulation of Shh/Shh signaling by Tbx2
in developing vt-m cells bypasses a transient cellular
arrest to effect a synchronised re-entry into renewed
proliferation that results in the expansion of a vt-m pro-
genitor domain.
Discussion
A Molecular Pathway Links Cell Fate
and Proliferation to Govern vt-m Development
Here, we describe the formation of the embryonic chick
ventral tubero-mamillary (vt-m) hypothalamus, a region
of the CNS key to the control of homeostasis. We
show that vt-m hypothalamic differentiation is governed
by the temporally and spatially localized action of BMPs
on forebrain ventral midline floor-plate-like cells. Critical
to vt-m hypothalamic development is the upregulation
of the T-box repressor, Tbx2, and the consequent cell-
autonomous downregulation of Shh. Our data suggests
that the loss of Shh in vt-m precursors leads to their loss
of ptc expression and prevents their further reception of
Shh signaling. The decrease in Shh/Shh signaling ap-
pears essential for a dual effect: to promote the further
proliferation of vt-m progenitors and to govern their
Emx2+ character. Together, our results suggest that
a distinct progenitor domain(s) forms within the hypo-
thalamus, whose character and size are linked through
the action of BMP-Tbx2 signaling and the resultant
downregulation ofShh/Shh signaling. In addition, our re-
sults provide evidence for a molecular pathway in which
BMPs abrogate Shh via Tbx2.
Tbx2 Is an Intrinsic Determinant
of vt-m Hypothalamic Identity
The specification of neuronal and glial subtypes has
been extensively studied in the ventral spinal cord (Jes-
sell, 2000; Marquardt and Pfaff, 2001). Here, intrinsic
cell-fate determinants, often HD proteins, typically func-
tion to suppress the expression of other HD repressor
proteins, restricting them to adjacent progenitor do-
mains (Briscoe et al., 2000). Our data reveal that in the
vt-m hypothalamus, an intrinsic transcriptional repres-
sor, Tbx2, shows a markedly different action to control
progenitor specification, repressing the secreted signal-
ing factor, Shh, whose downregulation is key for the fur-
ther autonomous development of midline floor-plate-
like cells into hypothalamic vt-m progenitors. Ectopic
expression of Tbx2 causes the downregulation of Shh
in hindbrain floor-plate cells in a cell-autonomous man-
ner. Conversely, loss-of-function experiments using
Tbx2 siRNA reveal a requirement for Tbx2 in downregu-
lating Shh in the vt-m hypothalamus. Other T-box genes
that we have examined do not appear to be expressed in
the vt-m hypothalamus. Thus, while we cannot exclude
partial redundancy between as-yet-unidentified T-box
proteins, it seems likely that Tbx2 plays a profound
role in the development of the vt-m hypothalamus.Strong support for a direct requirement for a T-box re-
pressor in downregulating Shh/Shh in the vt-m hypo-
thalamus derives through analyses of the Shh promoter,
which reveal a T-box binding site within the HR-c en-
hancer element that is conserved across species (Jeong
and Epstein, 2003). Transgenic mice containing a re-
porter construct in which point mutations were intro-
duced in the T-box binding site show unusual persistent
expression of Shh in the vt-m hypothalamus.
Shh Downregulation in Floor-Plate-like Cells
Is Required for Their Progression to vt-m
Hypothalamic Progenitors
Our data adds to a growing body of evidence that Shh-
expressing floor-plate-like cells located at the ventral
midline of the forming brain will assume distinct fates
in the later embryo (Placzek and Briscoe, 2005). Experi-
ments in chick, for instance, favor the idea that midbrain
floor-plate-cells will be converted into midbrain DA neu-
rons (Andersson et al., 2006), while our data reveals a
direct lineage relationship between forebrain floor-
plate-like cells and hypothalamic vt-m cells.
Our studies show that, as is the case for the conver-
sion of floor-plate cells into DA neuronal progenitors
(Andersson et al., 2006), the extinction of Shh/Shh is
key for the transition of Shh-expressing floor-plate-like
forebrain cells into vt-m hypothalamic progenitors.
Abnormal retention of Shh/Shh leads to the retention
of ptc expression, prevents the onset of Emx2 expres-
sion, and prevents the transition of transiently arrested
floor-plate-like cells into proliferating progenitors. In ze-
brafish, overexpression of Shh in the vt-m hypothalamus
can similarly prevent expression of emx2 (Mathieu et al.,
2002), suggesting that Shh downregulation is a vital
common step to vt-m hypothalamic development in
both amniotes and anamniotes.
Our studies do not reveal how a Shh downregulation
promotes the proliferation of vt-m progenitors, but in
other systems, it is clear that Shh interacts directly
with cell-cycle components to govern cell proliferation.
In the early neural tube, for instance, Shh promotes the
proliferation of neural progenitor cells through the
Gli-mediated regulation of cell cycle and antiapoptotic
gene expression (Cayuso et al., 2006). Conversely, in
the eye, cell-cycle exit by retinal progenitors is triggered
by Shh transiently activating expression of the cyclin
kinase inhibitor p57Kip2 (Shkumatava and Neumann,
2005). Our studies reveal a novel way in which Shh gov-
erns cell proliferation, its downregulation apparently
essential for the proliferation of vt-m progenitors.
In vivo, the downregulation of Shh correlates with the
synchronous return to cell cycle of transiently arrested
floor-plate-like cells, indicative of the synchronous ex-
pansion of a progenitor domain. Support for the idea
that vt-m cells may form a distinct progenitor domain
comes from studies in zebrafish, suggesting that pro-
spective vt-m cells form a separate hypothalamic com-
partment (Mathieu et al., 2002). To what structures might
such a compartment contribute in the later embryo and
adult? Our lineage analyses do not reveal the defined
adult structures to which the Emx2+ progenitors contrib-
ute. However, in midembryogenesis, expression of
Emx2 demarcates the hypothalamic infundibulum and
mamillary area (L.M., unpublished data), raising the
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out-pocketing infundibular anlage and/or mamillary
areas.
Signaling Pathways in vt-m Hypothalamic
Development
Expression of Tbx2 provides a cell-intrinsic indicator of
the time at which floor-plate-like cells make a transition
to vt-m progenitors. By contrast, the timing of action of
extrinsic factors that govern Tbx2 expression remains
less clear. We show that BMP activity is necessary and
sufficient for Tbx2 expression. BMPs are expressed in
the prechordal mesoderm that underlies prospective
Tbx2+ cells from st 6–7 (Dale et al., 1997) (this study),
supporting the idea that prechordal mesoderm-derived
BMPs promote vt-m character in floor-plate-like cells
at early somite stages. However, our studies suggest
that BMPs upregulate Tbx2 indirectly, by reducing am-
bient levels of Wnt activity in floor-plate-like cells. Ele-
gant analyses in zebrafish have shown that the Wnt an-
tagonist, axin, plays a role in vivo in the differentiation of
hypothalamic versus floor plate fate (Kapsimali et al.,
2004), and our preliminary analyses in chick suggest
that axin-2 is expressed within developing vt-m cells
shortly after they encounter BMP signaling (L.M. and
M.P., unpublished data). Thus, a common mechanism
may underlie hypothalamic versus floor-plate develop-
ment in amniotes and anamniotes, hypothalamic differ-
entiation controlled by absolute levels of ambient Wnt
activity.
The steps that establish particular levels of Wnt re-
main unclear. We find that BMPs can only promote
vt-m character in floor-plate-like cells that derive from
area a (not shown), whose progeny occupy ventral mid-
line positions that extend from the anterior diencepha-
lon to the hindbrain (Patten et al., 2003). Studies in the
chick have suggested that the differentiation of area
a-derived floor-plate-like cells, including prospective
vt-m cells, is governed by the cooperation of Shh and
Nodal (Patten et al., 2003). In zebrafish, the reception
of Nodal signaling is required for cells to form the vt-m
hypothalamus (Mathieu et al., 2002). Together, these
analyses suggest a model in which vt-m character is
governed, first through an early specification by Shh/
Nodal that establishes cells of a particular Wnt-compe-
tence and subsequently by the action of prechordal me-
soderm-derived BMPs that antagonise Wnt, to effect
hypothalamic differentiation.
Subdivision of the vt-m Hypothalamus
The region we define as the vt-m hypothalamus varies in
character along the A-P axis. Tbx2 is expressed only
transiently in the mamillary region, for a slightly longer
period in the tuberal region, and retained only at the
junction of the retrochiasmic/tuberal hypothalamus.
We have not addressed how these variations in expres-
sion are established. However, our studies show that
BMPs upregulate Tbx2 in a dose-dependent fashion,
raising the possibility that a gradient of BMP activity op-
erates along the A-P axis of the vt-m hypothalamus and
is translated into distinct zones of Tbx2 expression.
Studies in zebrafish suggest that a gradient of Wnt activ-
ity may operate within the hypothalamus to effect the
differentiation of distinct cell types along the A-P axis(Kapsimali et al., 2004), again suggesting an interplay
between BMP and Wnt pathways in hypothalamic differ-
entiation. A clear variation in A-P character is detected,
subsequent to the upregulation of Tbx2, when tuberal
and mamillary cells of the vt-m hypothalamus can be
distinctly defined on the basis of FGF10 and Emx2 ex-
pression, respectively. The steps we have demarcated,
therefore, are likely to be important for the further devel-
opment of the ventral tuberal hypothalamus, the infun-
dibulum, and mamillary regions of the hypothalamus
(Lazzaro et al., 1991; Shimamura et al., 1995; Suda
et al., 2001; Mathieu et al., 2002).
Development of the Ventro-Lateral Hypothalamus
Our lineage-tracing studies reveal that ventro-lateral
Shh-expressing hypothalamic cells arise from basal
plate cells at the midbrain-forebrain boundary. These in-
crease in number and either remain in situ, contributing
to the wide mesencephalic floor plate, or migrate for-
ward, wrapping around, but not invading, the vt-m hypo-
thalamus (see also Mathieu et al., 2002), to contribute to
neurogenic regions of the ventro-lateral tuberal and
anterior hypothalamus. The mechanism that leads to
Shh upregulation in these cells is unclear, but prelimi-
nary analyses suggest the intriguing possibility that, in
marked contrast to its cell-autonomous role in Shh-
repression in vt-m cells, Tbx2 may play a cell-nonauton-
omous role in ventro-lateral tuberal cells, activating Shh
expression (L.M. and M.P., unpublished data). Future
studies are required to address this possibility, but there
is precedent for the notion that Tbx2 can, in some in-
stances, activate Shh: in the limb bud, in particular, Tbx2
promotesShhexpression to specify digit identity (Suzuki
et al., 2004). Additionally, Shh signaling from prospec-
tive vt-m cells, prior to st 13, may induce Shh expression
in adjacent cells, a possibility supported by reports in
zebrafish, showing that Shh signaling is autonomously
required in ventro-lateral tuberal and anterior hypotha-
lamic cells (Mathieu et al., 2002). The upregulation ofShh
expression in ventro-lateral hypothalamic cells occurs
only at st 13, a time when Ptc is already downregulated
in vt-m cells. Notably, this provides an explanation as to
why Shh that derives from ventro-lateral cells is unable
to maintain Shh in the vt-m hypothalamus.
BMP-Tbx2-Shh Downregulation: A General Pathway
Finally our findings suggest that the molecular pathway
we describe may be more widely deployed in the devel-
oping forebrain. The optic vesicles are patterned by the
antagonistic action of Shh and BMPs and both Tbx2 and
Tbx3 are expressed in the optic vesicles (this study)
(Sasagawa et al., 2002; Takabatake et al., 2002). Intrigu-
ingly, our studies show that blocking BMP signaling in
the prechordal mesoderm/diencephalon prevents ex-
pression of Tbx2 in the optic vesicles as well as in the
vt-m hypothalamus, raising the possibility that a com-
mon mechanism operates in both. In summary, our
studies raise the possibility that the BMP-mediated up-
regulation of Tbx2 plays a role in patterning diverse
structures in the ventral forebrain and add to a growing
body of evidence (Basler et al., 1993; Liem et al., 2000;
Anderson et al., 2002; Golden et al., 1999; Arkell and
Beddington, 1997; Monsoro-Burq and Le Douarin,
2001) that BMPs can antagonize Shh activity both by
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884interactions at a protein level and through suppression
of Shh transcription.
Experimental Procedures
Fate Mapping
St 9 embryos were windowed, and an incision made in the dorsal
neural tube to access the ventral forebrain. Prospective hypotha-
lamic cells were identified by their position relative to underlying ax-
ial mesoderm and an imposed grid (Figure 1K). Injections were made
by using a picospritzer II microinjection system (General Valve
Corporation), with a solution of DiI, 5 mg/ml in absolute ethanol
(Molecular Probes). After injecting, the embryos were removed
and fixed immediately for analysis by in situ hybridization, or the
eggs were resealed and incubated for 24 hr until st 16–18 prior to fix-
ation and analysis.
Bead Implantation
Affigel blue beads (Biorad) were soaked in Chordin protein for 24 hr
at 4C prior to implantation. HH st 5–6 embryos were prepared as
above. Beads were inserted under the vitelline membrane and posi-
tioned adjacent to the neural plate, above the prechordal mesoderm.
Eggs were resealed and incubated for 30 hr until HH st 16–18, prior to
fixation and analysis.
Explant Culture
All embryos were staged and dissected in cold L15 medium. Ex-
plants of anterior ventral midline were prepared by isolating the neu-
rectoderm from the axial mesoderm with Dispase (1 mg/ml). Parallel
cuts were made either side of the midline, and the section from the
prospective forebrain removed. Explants were then cultured in col-
lagen beds according to published techniques (Placzek and Dale,
1999).
Cell-Proliferation Assays
Eggs were windowed and staged and then cultured for 45 min at
37C with 100 ml BrDU (10 mg/ml), before fixation.
RNA Interference Assays
Two vectors for RNAi studies with Tbx2, which targeted the follow-
ing sequences 50-CACCAACAACATCTCGGACAAA-30 and 50-GCCT
GGACAAGAAGGCCAAATA-30, were constructed in pRFPRNAiA
and electroporated together at concentrations of 1–2 mg/ml. A con-
trol vector targeting luciferase was used; methods described previ-
ously (Das et al., 2006).
In Situ Hybridization and Immunohistochemistry
Embryos and explants (minimum 7/condition) were analyzed by im-
munohistochemistry according to standard techniques (Placzek
et al., 1993). Following cryostat sectioning (15 mm sections), the fol-
lowing antibodies were used: 68.5E1, anti-Shh (1:50); anti-Phos-
phorylated Histone H3 (anti-PH3) (Upstate) (Hendzel et al., 1997);
anti-BrDU (1:200, Novacastra Laboratories Ltd.); anti-Nkx2.1
(1:2000) (Ohyama et al., 2005); anti-Tbx2 (1:1000, gift from C. God-
ing); anti-Foxa2 (1:50, DSHB); anti-Emx2 (1:2000) (Suda et al.,
2001). Secondary antibodies (1:200, Jackson Immunoresearch)
were conjugated to Cy3 or FITC. Embryos were processed for in
situ hybridization as described previously (Vesque et al., 2000). Fol-
lowing development, embryos or explants were analyzed as whole-
mount preparations and cryostat sections.
Protein Experiments
Proteins were either obtained in purified form (hu BMP2, hu BMP7/
OP1; Creative Biomolecules), were produced from transient trans-
fections into COS 7 cells (chick chordin, chick BMP7), or produced
by infection of S2 cells with baculovirus (chick chordin) (Dale et al.,
1999). Purified proteins were used at defined concentrations estab-
lished in independent assays (data not shown) (Liem et al., 1995) and
after western blotting. In explant experiments, proteins were added
to cultures at the start of incubation.
Supplemental Data
Supplemental Data include a quantitative analysis of the reduction in
Shh expression in explants exposed to BMP signals (Figure S1) anda quantitative analysis of expression of pH3 in the chick midline
over the period st 8–13 (Table S1) and are available with this article
online at http://www.developmentalcell.com/cgi/content/full/11/6/
873/DC1/.
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